Current research on artificial spin ice (ASI) systems has revealed unique hysteretic memory effects and mobile quasi-particle monopoles controlled by externally applied magnetic fields. Here, we numerically demonstrate a strain-mediated multiferroic approach to locally control the ASI monopoles. The magnetization of individual lattice elements is controlled by applying voltage pulses to the piezoelectric layer resulting in strain-induced magnetic precession timed for 180° reorientation. The model demonstrates localized voltage control to move the magnetic monopoles across lattice sites, in CoFeB, Ni, and FeGa based ASI's. The switching is achieved at frequencies near ferromagnetic resonance and requires energies below 620 aJ. The results demonstrate that ASI monopoles can be efficiently and locally controlled with a strainmediated multiferroic approach.
Introduction
Spurred by Pauling's prediction of proton disorder in water ice, spin ices have been widely studied as geometrically frustrated magnetic systems [1] [2] [3] [4] . An interesting feature of these materials are quasi-particle magnetic monopoles present in Ho2Ti2O7 and Dy2Ti2O7 [5] [6] [7] [8] . Studies have shown that these monopoles can be manipulated to create magnetic currents analogous to modern electronics which utilize electric charge for storing or propagating information [9] [10] [11] . Studying these monopole states is challenging because the relevant phenomena occur at cryogenic temperatures and are sensitive to lattice mismatch between substrate and spin ice crystal [2, [9] [10] [11] .
To overcome some of these technological challenges, researchers have begun to focus on artificial spin ice (ASI) systems [12] [13] [14] [15] [16] . ASI's are lithographically patterned magnetic single domain structures arranged in lattice geometries that are leveraged to create synthetic magnetic monopoles. Pioneering experiments in square and Kagome lattice ASI's have established the presence of magnetic monopoles [12, [17] [18] [19] [20] . Stochastic monopole nucleation and movement in ASI's has been achieved by application and subsequent reversal of an externally applied saturating magnetic field [17, [19] [20] [21] [22] . Monopole dynamics have been probed through extensive cascade type experiments revealing quenched disorder and freedom from thermal fluctuations [23] [24] [25] . Further studies revealed hysteretic memory effects in square lattices following training magnetic field cycles [26] . Although repeatable microstates are achievable, the initial configuration and subsequent limit cycles are stochastically determined. This external field control is problematic since manipulation of magnetic current in ASI's requires individual control of the single magnetic domain structures. Thus, a new approach to manipulate single domain structures in ASI systems is needed for future technological application.
One approach that warrants consideration, to overcome present stochastic ASI control, is strainmediated multiferroic heterostructures. These multiferroic composites combine present-day piezoelectric and magnetoelastic materials to efficiently control nanoscale magnetism [27] [28] [29] . Magnetic control is achieved using voltage-induced piezoelectric strain within patterned magnetoelastic elements [28] [29] [30] [31] [32] . Nanopatterned structures resembling the magnetic islands in ASI lattices have been studied on arrays of magnetically dipole-coupled elements with Bennett clocking [33, 34] . The Bennett clocking approach utilizes strain-induced magnetoelastic effects, shape anisotropy, and dipole coupling between neighboring elements to propagate logical information across a lattice. Additionally, numerical and experimental studies have demonstrated strain-induced 180° precessional magnetic switching [35] [36] [37] [38] . In this paper, numerical modeling demonstrates magnetic monopole control within a Kagome lattice through switching of the central nodal element using magnetoelastic strain.
Micromagnetic Simulations of Voltage Control in Artificial Spin Ice
Our design for controlling magnetic monopoles in a Kagome lattice-based ASI consists of elliptical magnetoelastic islands on a piezoelectric substrate. This design uses voltage induced strains in the piezoelectric layer to control local magnetization states. The magnetoelastic structures are numerically studied with a Landau-Lifshitz-Gilbert (LLG) micromagnetics formulation [39, 40] :
where 0 is the permeability of free space, is the gyromagnetic ratio, and is the Gilbert damping constant. The model neglects thermal fluctuations and assumes small elastic deformations as well as uniform strains within the magnetoelastic elements [31, 41] . In Equation 1, the effective magnetic field ( ) for the ASI system is the sum of the exchange field (Hex), demagnetization field (Hd), magnetoelastic field (Hme), and magnetocrystalline anisotropy (MCA) field (Hc). The magnetoelastic field is defined by = 3 ( − )⁄ where λs is the saturation magnetostriction, Y is the Young's modulus, Ms is the saturation magnetization, and (εx, εx) are the voltage induced strains in the x and y directions, respectively. The biaxial strain difference is produced by applying an electric field to patterned electrodes on the piezoelectric layer. The Hme term is represented in equation (1) by a uniform uniaxial anisotropy defined as = 0 /2 [41, 42] . Assuming a cubic crystal structure, the effective field due to MCA is given by = −2 [ 1 ( 2 + 2 ) + 2 ( 2 2 )]⁄ , where mi is the magnetization component in the ith direction and the Kci are first and second order cubic anisotropy constants, respectively [29] . This LLG formulation is solved within MuMax3 using a Dormand-Prince finite difference method [43, 44] .
In this paper, a four ring multiferroic Kagome lattice ASI containing a monopole was modeled as shown in Figure 1 . As seen from the figure, the modeled system is a subset of an infinite Kagome lattice and contains four hexagonal unit cells with a monopole centrally located. Per convention, the dumbbell charge model is used to identify monopoles in an ASI by replacing magnetic dipole moments with two charges (±Q). Specifically, lattice sites in a Kagome ASI exhibiting ±2Q are defined as monopoles. Equivalently an ASI monopole in a Kagome lattice is denoted as a vertex site with the magnetization of three elliptical elements directed into (+2Q) or out (-2Q) of the vertex. The present study assumes the influence of elements beyond the four unit-cells are negligible, so the modeled magnetization switching of the strained element fo is representative of an infinite lattice. This set of neighboring elements exert the greatest influence on fo and the resulting dipolar effects on the strain-induced magnetic response can only be captured through simulation of multiple islands. Specifically, it is not possible to know that fo can switch 180° within the lattice from a simulation of a single ellipse because the dipolar interactions are unknown a priori. Along these lines, the details of the magnetization dynamics (e.g., θ ~ atan[my/mx]) depend on the dipole coupling between neighboring elements for each modeled ASI. The simulated lattice is shown schematically with the hexagonal rings labeled I-IV and the center of each elliptical magnetic island labeled with fi, ri, or qi. The ASI initial magnetization state is chosen with the monopole located at the fo-ro-q3 vertex. Thus, movement of the monopole results from 180° switching of fo's magnetization so that the magnetization of fo, r3, qo are directed into their common vertex. The ellipse dimensions were chosen based on a parametric sweep in a micromagnetic simulation focusing on geometries likely to give uniform single domain structures. Ellipses with major axes ranging from 120 nm to 60 nm of ~0.8 aspect ratios were tested. Larger geometries were favored since they will be easier to fabricate in future experiments. Based on the results of the parametric sweep, ellipses with major axes of 100 nm, minor axes of 80 nm, and 3 nm thickness were selected. Per convention, the thermal stability factor at room temperature of modern MRAM devices is set to 40KbT. For the materials and geometry chosen, the shape anisotropy of the CoFeB, Ni, and FeGa ellipses are 61KbT, 47KbT, and 82KbT, respectively. The parametric sweep also informed our choice of the separation distance between ellipses, d, which was picked to be 25nm. All models used in the parametric sweeps and dynamic studies, which will be presented in the results section, used cuboidal finite-difference-time-domain mesh elements with volumes of 1 nm 3 . This volume was chosen as a result of convergence studies.
To study dynamic switching of the monopole location within the ASI, precessional magnetic switching of the single domain elliptical magnetoelastic structures was used. This precessional switching was achieved by applying a highly localized voltage-induced strain pulse to a single central ellipse, fo, in the ASI unit cell, in a direction parallel to the minor axis of the ellipse. To confirm that such strain localization is feasible, a finite element study was done to calculate the voltage-controlled strain distribution across the ASI lattice and piezoelectric substrate. The finite element results indicate that the switching strains can be localized to a single ellipse, and nearest neighbors experience, at most, 6% of the threshold switching strain. These results validate the assumption used in our micromagnetic simulation that strains can be localized to an ASI's individual elements. To better represent voltage-induced strain in a working device, the localized strain pulse was ramped linearly to its maximum value. Experimental and numerical studies have demonstrated precessional switching with 70 ps rise/release times of piezostrain. Additional theoretical investigations have suggested that this ramp time can be further reduced by optimizing the electrode geometry, electronics, and piezoelectric film thickness [33, [35] [36] [37] [38] . Based on this, the voltage-controlled strain pulses used in this study were programmed to reach a maximum value after 10 ps following a linear ramp function, and they were removed following the same function with a negative slope.
Three magnetoelastic materials were chosen to be included in this modeling study; namely CoFeB, Ni, and FeGa. CoFeB was chosen because of its relatively large saturation magnetization and magnetostriction. Ni was chosen because it is the easiest magnetoelastic material to fabricate. FeGa is chosen for its high magnetoelastic properties which reduce the energy requirements to precessionally switch the single domain elements. The CoFeB and Ni systems are assumed to be polycrystalline with grain sizes much smaller than the exchange length, which allows the MCA to be neglected. The FeGa (19% Ga) is assumed to be single crystal, as the large magnetoelastic response of interest is absent in polycrystalline films. The material properties used for simulation are given in Table I [38, 41, [45] [46] [47] [48] . The relevant piezoelectric coefficients of PMN-PT for producing the modeled strain values are found in Ref [49] . A combination of micromagnetic parametric studies and piezoelectric finite element models were used to determine suitable strains, pulse widths, and electric fields for achieving precessional switching of the modeled magnetic elements. The biaxial strain values and pulse widths chosen for CoFeB, Ni, and FeGa were 1600 ppm (4.25 ps), 1600 ppm (3.5 ps), and 2400 ppm (2.7 ps) which correspond to 4.8 MV/m, 4.8 MV/m, and 7.2 MV/m electric fields produced by the electrodes in Figure 1 , respectively. 
Results and Discussion

Figures 2(a)-(c) show strain-induced motion of a monopole defect from the fo-ro-q3 vertex to the fo-r3-qo vertex in a CoFeB ASI. Figures 2(a)-(b) show the initial (t = 0 ns) and final (t = 3.5 ns)
stable magnetic states after strain is applied to fo at t = 1 ns. The final state in 2(b) shows that the monopole defect was moved from the fo-ro-q3 vertex to the fo-r3-qo vertex, as evidenced by the 180º rotation of fo from its initial orientation. The figure also shows that fo's neighboring lattice elements (both near and far) remain magnetized in their initial direction following strain application. Figure  2 (c) provides the rotation angle (θ) as a function of time for fo and its nearest neighbors (qo, r3, ro, and q3) where the magnetization is taken as a volume average over all the magnetic moments of the ellipse. The non-nearest neighbors are excluded because their magnetization angles are perturbed less than ±5º. In particular, Fig 2(c) shows fo's magnetization begins to rotate clockwise at t = 1.21 ns. The rotation rate slows slightly at t = 1.4 ns, but continues until the magnetization reaches -180º at t = 1.52 ns. After t = 1.53 ns, fo overshoots -180 o and reaches a maximum rotation angle of -222º at t = 1.6 ns before settling along the -x direction of the ellipse. During the same time, fo's nearest neighbors remain directed along their initial orientations while experiencing oscillations of less than ~22º. The largest orientation variation for these elements is exhibited by r3 whose magnetization varies between 71º and 50º before settling back to its equilibrium orientation at 60º.
When strain is applied to the central element, fo, of the CoFeB ASI, precessional magnetic switching from 0º to -180º occurs near the ferromagnetic resonance (FMR) frequency of the ellipse. A Fast Fourier transform of the response produces a FMR value of 3.12 GHz with a switching time of 0.32 ns. This FMR value matches closely to the 3. comparison to an isolated ellipse, the symmetric placement of fo's nearest neighbors makes its major axis magnetically easier during the first 90º of rotation due to the combination of neighborderived dipolar and internal shape effects. This positioning raises the energy barrier to rotate fo's magnetization because any rotation is met with a restoring torque (back towards θ = 0) resulting from nearest neighbor dipolar interactions and internal shape effects. Despite this, the magnetoelastic effects in CoFeB under strain are sufficient to overcome this restoring torque, and push fo towards a strain-induced easy axis at θ = -90º, as shown in Figure 2 (c). As fo moves to this new easy axis via precessional motion, it is underdamped, and overshoots θ = -90º. However, once the magnetization rotates past -90º, the restoring magnetoelastic torque slows the continued rotation, but this effect vanishes because the timed strain pulse is ramped to zero at t = 1.4 ns. At this moment fo, qo, and r3 all align head on resulting in brief slowing of the rotation at -120º. Although this dipolar interaction slows fo's rotation, the ellipse's shape anisotropy overcomes this, resulting in continued motion and 180º reorientation. The magnetization rotation of fo in both the Ni and FeGa ASI's is qualitatively similar to the CoFeB behavior. However, fo's magnetization rotates 180 o in 0.39 ns at 2.56 GHz for the Ni ASI while it takes 0.35 ns at 2.8 GHz for the FeGa. Similar to the CoFeB system, there is good agreement between the model's resonance and the 2.58 GHz predicted using Kittel's equation. However, the analytical prediction for FeGa of 3.9 GHz is 40% larger than the modeled resonance value. This difference is caused by the incoherent rotation present in the FeGa element's magnetization reorientation, as shown in the panel of Figure 3(b) . This only occurs in FeGa elements because the demagnetization energy is much larger than either the CoFeB or Ni elements resulting in spatially non-uniform magnetization rotation. In addition to the comparison of ferromagnetic resonance frequencies, there are other subtle differences in the dynamics of the three lattices. For example, the FeGa system rotates counterclockwise which is caused by the non-deterministic switching present in precessional switching. Another difference is the decrease in overshoot angle and settling times of the Ni and FeGa systems when compared to the CoFeB ASI. This is caused by CoFeB's relatively smaller Gilbert damping coefficient compared Ni and FeGa.
An important observation of the three ASIs is that the flipping of the strained ellipse's moment perturbs the magnetization direction of the neighboring elements, but does not cause them to reorient 180°. Consequently, strain-induced motion of the monopoles does not cause avalanche effects, but gives the capability to deterministically place the ASI in specific magnetic configurations. This precise control is useful for ASI's with return point memory because individual limit cycles can be chosen by explicitly defining the initial state. Alternatively, the microwave properties of spin waves in reprogrammable crystals can be tuned using the control scheme. This is achieved by setting specific magnetic configurations of the ASI lattice which alter the spin wave modes of the crystal.
The amount of energy required to reorient the ASI nanodots can be approximated by evaluating the electrical energy delivered to the piezoelectric layer. For a 100 nm PMN-PT layer, 0.48 V, 0.48 V, and 0.72 V represent the voltages required for CoFeB, Ni, and FeGa respectively. The relative dielectric constant of PMN-PT is ϵ = 5880. Using these values, the amount of electrical energy delivered to the 100 nm x 30 nm electrodes in Figure 1 results in 275 aJ, 275 aJ, and 620 aJ to switch CoFeB, Ni and FeGa, respectively. Despite having larger magnetostrictive properties, the FeGa requires the largest energy to rotate the magnetic moment. This occurs because the ASI geometry is optimized for CoFeB rather than FeGa causing larger demagnetization effects in FeGa compared to the other material systems. Also, the FeGa is not isotropic since it contains an additional magnetocrystalline anisotropy (MCA) that is not included in either the CoFeB or Ni models. Additionally, the suboptimal geometry and MCA for FeGa cause incoherent magnetization rotation in contrast to Ni and CoFeB. Thus, these demagnetization and MCA effects represent additional energy barriers to overcome during precessional switching. Lastly, the energy estimates provided in this manuscript neglect substrate clamping effects, which can be substantial with improperly designed systems. However, this issue has been considered by other researchers (e.g., Ref [38] ), suggesting values below 275 aJ are feasible if the system is properly designed.
Experimental implementation of the modeled system is possible with modern micro-fabrication techniques and measurement tools. Specifically, the ASI can be defined using electron beam lithography and local strain can be generated by applying voltage to the patterned electrodes of Figure 1 . Device production, however is non-trivial and considerable attention must be paid to the layout of electrodes, interconnects, and testing interfaces. Simultaneous control of multiple monopoles is necessary for practical device implementation and, although difficult, it is possible with contemporary CMOS control systems/software.
In this study, a multiferroic artificial spin ice design was proposed for local magnetization control of magnetic monopoles. Strain-mediated monopole movement in a Kagome lattice ASI was demonstrated numerically for CoFeB, Ni, and FeGa systems with motion achieved through precessional magnetization switching near FMR. In contrast to contemporary stochastic control methods, the results demonstrate that ASI monopoles can be efficiently and locally controlled using a strain-mediated multiferroic approach. This demonstration provides a control methodology for future ASI based technologies requiring deterministic manipulation of monopole states. 
